The small optic lobes (SOL) calpain is a highly conserved member of the calpain family expressed in the nervous system. A dominant negative form of the SOL calpain inhibited consolidation of one form of synaptic plasticity, non-associative facilitation, in sensory-motor neuronal cultures in Aplysia, presumably by inhibiting cleavage of protein kinase Cs (PKCs) into constitutively active protein kinase Ms (PKMs) (Hu et al. 2017a) . SOL calpains have a conserved set of 5-6 N-terminal zinc fingers. Bioinformatic analysis suggests that these zinc fingers could bind to ubiquitin. In this study, we show that both the Aplysia and mouse SOL calpain (also known as Calpain 15) zinc fingers bind ubiquitinated proteins, and we confirm that Aplysia SOL binds poly-but not mono-or diubiquitin. No specific zinc finger is required for polyubiquitin binding. Neither polyubiquitin nor calcium was sufficient to induce purified Aplysia SOL calpain to autolyse or to cleave the atypical PKC to PKM in vitro. In Aplysia, over-expression of the atypical PKC in sensory neurons leads to an activity-dependent cleavage event and an increase in nuclear ubiquitin staining. Activity-dependent cleavage is partially blocked by a dominant negative SOL calpain, but not by a dominant negative classical calpain. The cleaved PKM was stabilized by the dominant negative classical calpain and destabilized by a dominant negative form of the PKM stabilizing protein KIdney/ BRAin protein. These studies provide new insight into SOL calpain's function and regulation.
The marine mollusk Aplysia californica is a powerful model system for understanding the mechanisms of memory. The synaptic changes underlying sensitization of defensive withdrawal reflexes in Aplysia have been identified and can be recapitulated at sensory-motor synapses in culture by treating with serotonin (5HT), the same neurotransmitter that mediates sensitization in the animal (Montarolo et al. 1986; Kandel 2001; Hawkins et al. 2006) . Many of the molecular mechanisms of synaptic plasticity discovered in Aplysia have proven to play conserved roles in mammalian plasticity and memory (Kandel 2001) .
While single applications of 5HT produce short-term synaptic facilitation or intermediate-term synaptic facilitation (ITF), repeated applications of 5HT can lead to long-lasting changes in both the animal and in culture (Montarolo et al. 1986; Emptage and Carew 1993) . Mechanistically distinct forms of plasticity can also be elicited when 5HT is paired with neuronal activity. Thus, there are two forms of persistent long-term facilitation (LTF), associative and nonassociative. Non-associative LTF is induced by two rounds of five spaced applications of 5HT, while associative LTF is induced by two rounds of a single 5HT application paired with a burst of action potentials in the pre-synaptic sensory neuron (Hu et al. 2017b) .
Protein kinase Ms (PKMs) are truncated, persistently active forms of protein kinase C (PKC) that have been proposed to be important in maintaining long-term synaptic changes underlying memory (Sacktor 2012; Hastings et al. 2013) . In Aplysia, inhibitors of PKM (chelerythrine and the myristoylated zeta-inhibitory peptide) erase consolidated sensitization behavior and the LTF underlying this behavior (Cai et al. 2011) . The critical role of PKMs in LTF is further supported by experiments that used dominant negative PKM forms of the three PKC isoforms expressed in the Aplysia nervous system, the classical PKC Apl I, the novel PKC Apl II, and the atypical PKC Apl III (Sossin 2007; Villareal et al. 2009; Farah et al. 2017) . These experiments indicated that distinct sets of PKMs in the pre-and post-synaptic cell maintain associative and non-associative LTF (Sossin 2007; Farah et al. 2017; Hu et al. 2017a,b) . PKM Apl I and PKM Apl III are also thought to maintain intermediate-term forms of synaptic plasticity and memory in Aplysia based on the effect of dominant negative constructs (Bougie et al. 2012; Farah et al. 2017) .
Unlike vertebrates, where a particular PKM, PKMf, can be formed through an alternative transcriptional start site that generates an mRNA encoding a PKM (Hernandez et al. 2003) , there is no evidence of a PKM-encoding transcript in Aplysia ). Thus, PKM formation in Aplysia must be mediated by cleavage of the full-length PKC. It has long been known that calpain proteases can cleave PKCs into PKMs (Kishimoto et al. 1989) .
Calpains are a large and diverse family of intracellular, papain-like cysteine proteases that are thought to play critical roles in synaptic plasticity underlying memory (Lynch and Baudry 1984; Liu et al. 2008; Briz and Baudry 2016) . Calpains often cleave substrates in a limited manner to modify their function, as opposed to degrading them , and are thought to affect the activity of a number of neuronal and synaptic proteins in this way (Bi et al., 1996; Taniguchi et al., 2001; von Reyn et al., 2009) . The calcium-dependent, penta-EF-hand-containing classical calpain subfamily is by far the most thoroughly characterized and classical isoforms have been shown to participate in multiple forms of synaptic plasticity (Amini et al., 2013; Zadran et al., 2013; Wang et al., 2014; Liu et al., 2016; Zhu et al., 2017) . However, there are also three non-classical calpain subfamilies PalB, Tra, and small optic lobes (SOL) , that lack the classical penta-EF-hand structure, but are also highly conserved across metazoa . Of these, SOL, defined by N-terminal Zinc Fingers and a C-terminal SOL domain is the least studied. The name SOL derives from the nervous system developmental phenotype associated with the loss of SOL in Drosophila (Delaney et al. 1991) .
Calpain inhibitors block both the cleavage of PKC to PKM and several forms of synaptic plasticity and memory in Aplysia (Bougie et al. , 2012 Villareal et al. 2009; Farah et al. 2017; Lyons et al. 2017) . However, the isoform specificity of these inhibitors is not clear. In Aplysia, both the classical calpain ApCCal1 and the SOL calpain Aplysia SOL (ApSOL) are expressed in sensory and motor neurons (Farah et al. 2017) . Using dominant negative constructs we have found that ApCCal1, which is activated by calcium , is required in the pre-synaptic and the postsynaptic cell for cleavage of PKC to PKM (Farah et al. 2017) , for the induction of two forms of ITF (Farah et al. 2017) , and for the consolidation of associative LTF (Hu et al. 2017a,b) . However, the non-classical calpain, ApSOL, is required in both the pre-synaptic and post-synaptic cell for the consolidation of non-associative LTF (Hu et al. 2017a) .
While the active site triad has been conserved in SOL calpains throughout evolution, there has been no study showing protease activity from a SOL calpain. To investigate possible activators of ApSOL, we have examined the Nterminal domain that contains five zinc fingers. We show that the N-terminal domain binds polyubiquitin, although we did not find evidence of SOL catalytic activation by polyubiquitin binding. Furthermore, we report that, in line with its inhibitory effect on PKM-dependent LTF (Hu et al. 2017a, b) , a SOL dominant negative construct also disrupts PKM formation induced by over-expression of PKC Apl III in Aplysia sensory neurons. PKC Apl III over-expressioninduced PKM formation is also associated with an increase in nuclear ubiquitin staining, consistent with a possible role for polyubiquitin in regulating SOL-dependent PKM formation. How this increase in nuclear polyubiquitin might affect activation and/or localization of SOL calpain remains unclear. Finally, we find evidence that the classical calpain ApCCal1 degrades the PKM produced following PKC Apl III over-expression, while the plasticity-related scaffold protein KIdney/BRAin protein (KIBRA) stabilizes it.
Material and methods
This study was not preregistered. All quantification was done by a blind observer. There were no sample calculations or power analysis.
Cloning
The cloning of ApSOL, ApCCal, and generation of dominant negative ApSOL Cysteine-Serine (C446S) and ApCCal (C152S) in pNEX3 and baculovirus vectors has been previously described (Farah et al. 2017) , as has the generation of the pNEX 3 KIBRA wild-type and dominant negative constructs (Hu et al. 2017b) , and pNEX monocistronic red fluorescent protein (mRFP)-PKC Apl III used for the over-expression experiments ). The SOL calpain N-terminal domain containing five zinc fingers was amplified from mouse (Mus musculus) CAPN15 cDNA (MMM1013-202798931; Dharmacon Chicago, IL USA) or from the cloned Aplysia californica SOL construct (Farah et al. 2017) using PCR. Primers used for amplification were designed to introduce a BamHI site at the 5 0 end and EcoRI at the 3 0 end (Table S1 ). pGEX-2T was digested with EcoRI (ERO271) and BamHI (ER053) and the N-terminal domain insert was ligated into the vector at the multiple cloning site. Truncated N-terminal domain constructs were made with the same strategy. Primers are listed in Table S1 .
Purification of GST-tagged proteins BL21 E. coli cells were grown in Luria Broth (LB) media with ampicillin (50 lg/mL) and 1 lM ZnCl 2 . At an OD 600 of 0.28-0.32, protein expression was induced with Isopropyl b-D-1-thiogalactopyranoside (IPTG) (0.1 mM) for 2 h at 37°C. Cells were lysed by 6 9 10 s of sonication in a lysis buffer (19 phosphate buffered saline (PBS), Roche Complete Protease Inhibitor Cocktail (04693116001; Sigma, St Louis, MO, USA), 1 mM phenylmethylsulfonyl fluoride, 1% beta-mercaptoethanol (BME). Triton X-100 was added to a final concentration of 1% and lysate was rotated at 4°C for 20 min. Glutathione-Stransferase (GST) fusion proteins were purified using Glutathione Sepharose 4B beads (17075605; GE Life Sciences Mississauga, ON CANADA). Beads were rotated with lysate overnight at 4°C followed by four times 5-min washes using a wash buffer (same as lysis buffer but with 1% Triton X-100, 0.5 M NaCl).
Pulldowns from extracts Rat brain extract was obtained by homogenization of whole rat brains (Pel-Freez Biologicals (Rogers, AR, USA);~2 g) at 4°C in 20 mL of lysis buffer (20 mM HEPES pH 7.4, Roche Complete Protease Inhibitor Cocktail, 1 mM phenylmethylsulfonyl fluoride, 0.25% BME, 150 mM KCl) and centrifugation at 100,000 g for 30 min at 4°C. Aplysia extracts were obtained by homogenization of Aplysia ganglia from 10 animals at 4°C in 1.5 mL of lysis buffer and centrifugation at 100,000 g for 30 min at 4°C. GST-fusion proteins were incubated with rat brain or Aplysia ganglia extract and rotated at 4°C for 2 h. After washing three times 5 min in lysis buffer, protein was eluted from the beads by 59 Laemmli Sample buffer and incubated at 95°C for 5 min before separation on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels.
Mass spectrometry
Mass spectrometry was performed using ThermoScientific Orbitrap Fusion Tribrid mass spectrometer with Dionex Ultimate 3000 RSLCnano system (IQLAAEGAAPFADBMBCX; ThermoFisher Mississauga, ON Canada) at the MUHC proteomics platform.
Aplysia neuronal cultures
Aplysia californica (75-125 g) were obtained from the University of Miami Aplysia Resource Facility (RSMAS) and pleural sensory neurons were cultured and microinjected as previously described (Zhao et al., 2007; Farah & Sossin, 2011) . All studies were approved by the MNI/McGill University Animal care and use committee protocol 2009-5784. Sensory neurons were sorted to different groups in such that sensory neurons from one animal were not overly represented in any group but there was no other method of randomization. After plating, cells were incubated 2-3 days at 19°C and then injected with plasmid DNA encoding pNEX-mRFP or pNEX-mRFP-PKC Apl III and either pNEX vector, pNEXApCCal1 (C152S), pNEX-ApSOL (C446S), pNEX-Kibra, or dominant negative pNEX-Kibra AAA (Hu et al. 2017b) . Cells were incubated for 24 h at 19°C, fixed and immunostained. Fluorescein isothiocyanate (FITC)/Alexa Fluor and mRFP fluorescence were imaged sequentially using a ZEISS LSM 710 (Dorval QC Canada) confocal microscope along with a differential interference contrast image to visualize the nucleus. Cytoplamic and nuclear fluorescence were quantified on Image J software by outlining the perimeter of the cell and that of the nucleus using the differential interference contrast image. Absolute fluorescence or fluorescence ratios (either nuclear/ cytoplasmic or mRFP/FITC) were calculated. For normalized ratios, the nuclear/cytoplasmic ratio or mRFP/FITC ratio, was divided by the average ratio of control neurons. Normalization was important for including multiple independent experiments from independent batches of sensory neurons as there was some variability in the control nuclear/cytoplasmic ratio between different batches of sensory neurons.
Ubiquitin-binding assay GST-fusion proteins were incubated with linear/M1-linked (Boston Biochem UC-710B) or K63-linked (UC-310B; Boston Biochem Cambridge, MA USA) tetraubiquitin, or with a mixture containing monoubiquitin with either K48 (UC-240; Boston Biochem) or K63-linked (UC-340; Boston Biochem) polyubiquitin chains of various molecular weights up to heptaubiquitin. Incubation was at 4°C for 2 h, with rotation. After washing three times 5 min in wash buffer (20 mM HEPES pH 7.4, 0.25% BME, 150 mM KCl), protein was eluted from the beads by 59 Laemmlli Sample buffer and incubated at 95°C for 5 min before separation on SDS-PAGE cells.
Purification of His-tagged proteins
Sf9 cells in suspension were infected with baculovirus. Three days after infection, cells were lysed by sonication and His-tagged proteins were purified as described .
In vitro calpain cleavage assay Purified SOL calpain or purified ApCCal1 was incubated with or without purified PKC Apl III for 30 min in an activation buffer (20 mM HEPES pH 7.5, 5 mM L-cysteine) in the presence or absence of 5 mM calcium and 1 ng/lL of K63-linked tetraubiquitin. Sample buffer was then added and the products separated on SDS-PAGE gels and immunoblotted using antibodies to PKC Apl III and then stripped and immunblotted with antibodies to Aplysia SOL Farah et al. 2017) .
Antibodies
The primary antibodies used were mouse anti-ubiquitin (Santa Cruz Sc-8017:RRID:Ab_628423, 1 : 2000), or the homemade antibodies rabbit anti-PKC Apl III C-terminus (1 : 5000), rabbit anti-ApCCAl1 (1 : 5000) and rabbit anti-SOL calpain C-terminus (1 : 4000) (Farah et al. 2017) . Primary and horseradish peroxidase-conjugated secondary antibodies (1 : 5000) were diluted in Tris buffered saline with Tween containing 5% skim milk powder and incubated with nitrocellulose membrane for 1 h at 25°C. Western Lightning Plus-ECL kit (NEL103001EA; PerkinElmer LLC Waltham, MA USA) was used as per manufacturer's instructions to detect protein bands.
Quantification of immunoblotting
Immunoblots were scanned and imaged using the public domain Image J program (developed at the U.S. National Institute of Health and available on the Internet at https://imagej.nih.gov/ij/). We calibrated our data with the uncalibrated optical density feature of NIH image, which transforms the data using the formula, y = log 10 [255/(255 À x)], where x is the pixel value (0-254). We find that with this correction and including the entire band (which expands near saturation), that values are linear with respect to amount of protein over a wide range of values (Nakhost et al. 1998) . We first normalized the amount of binding to the relative molar amount of GST-fusion protein measured using the Ponceau image and correcting for the molecular weight of the GST-fusion protein.
To be able to use different blots, we always normalized the amount of binding of the different GST-zinc finger (ZNF) constructs to the amount of binding to the GST ZNF1-5 construct run on the same gel.
Statistical analysis
For experiments testing the effect of dominant negative calpain constructs on over-expression-dependent cleavage, we used the Kruskal-Wallis test followed by Dunn's post hoc comparisons. The non-parametric Kruskal-Wallis test was selected because ShapiroWilk normality tests indicated non-normal distribution of data. For experiments on stabilization of PKM Apl III by Kibra, one-way ANOVA followed by Tukey's post hoc tests were performed. For experiments examining the increases in ubiquitin and SOL staining after over-expression of PKC Apl III a two-tailed unpaired Student's t-test was performed between the control and PKM Apl III over-expressing cells. For all statistical comparisons, no test for outliers was performed and all data were included in the statistical analyses. All data were analyzed in Graphpad Prism software version 6.
Results
The N-terminal region of SOL calpains binds polyubiquitin The SOL calpain has three conserved domains, an N-terminal region containing zinc fingers, the conserved calpain catalytic domain, and a SOL domain, unique to the SOL calpain family (Fig. 1a) . To gain insight into regulation of SOL, we aligned the zinc fingers of the Aplysia, Drosophila and human SOL calpain. Most zinc fingers in SOL contain a consensus sequence characteristic of the Npl4 zinc finger (NZF) or Ran-binding protein 2 (RanBP2) zinc finger family (Fig. 1b) . First identified as a Ran-binding domain in the nucleoporins RanBP2 (Yaseen and Blobel 1999) and nucleoporin 153 (Nakielny et al. 1999) , investigations of homologous zinc fingers in nuclear protein localization protein 4 (Npl4), later revealed that this type of zinc finger can also bind ubiquitin (Meyer et al. 2002; Wang et al. 2003) and consensus amino acids were defined to distinguish ubiquitin binding versus Ran-binding (Alam et al. 2004) . One member of this family was shown to specifically bind to K63-linked ubiquitin and consensus residues were also defined for this activity (Sato et al. 2009 ). Comparing the Aplysia, Drosophila and human SOL zinc fingers showed that, in general, the zinc fingers showed closer similarity to the ubiquitin-binding zinc fingers, with one or two of the zinc fingers in each protein containing the consensus sequence for ubiquitin binding (Fig. 1b) . The residues implicated in K63 specificity were not conserved. The zinc fingers closest to the consensus for ubiquitin binding were not located at consistent positions within the zinc finger repeat domain in human, Drosophila, and Aplysia SOL, and homology in this domain was restricted to the approximate number of zinc fingers (five in Aplysia and human, six in Drosophila) and some relation to the ubiquitin consensus sequence.
To determine if these sequences bound to ubiquitinated proteins, GST-SOL N-terminal fusion proteins (GSTApSOL-ZNFs, GST-MoSOL-ZNFs) were generated for both Aplysia and mouse SOL calpains that contained all five zinc fingers from the respective species. The fusion proteins were incubated with lysates from either rat brain or Aplysia ganglia and the bound proteins ran on SDS-PAGE gels and blotted for ubiquitin. Both GST-SOL N-terminal fusion proteins showed a pronounced enrichment for high molecular weight ubiquitinated proteins (Fig. 1c) . Proteomic analysis of the bound proteins revealed ubiquitin with K12, K48, and K63 linkages, but no ubiquitin linkages to specific proteins were identified.
To determine if there was any specificity for ubiquitin linkages, we incubated GST-ApSOL-ZNFs with linear tetraubiquitin, or with a mixture of K63-linked ubiquitin chains ranging from mono-to heptaubiquitin, or a similar mixture of K48-linked ubiquitin chains. There was a pronounced enrichment for polyubiquitin, with no binding of mono-or diubiquitin (Fig. 1d ). There was a preference for K63 polyubiquitin, but this was not absolute and K48 polyubiquitin was also strongly enriched by the GST-ApSOL zinc finger construct (Fig. 1d) .
Next, we examined if the binding to polyubiquitin was driven by the zinc fingers with the best consensus sites for binding or was a product of the multiple zinc finger sequences. We generated a battery of deletions from the Cterminal or N-terminal of the ApSOL-ZNFs construct (Fig. 2a) and determined the relative ability of these fusion proteins to bind to K63-linked tetraubiquitin (Fig. 2b and c, quantified in Fig. 2d ). We used K63-linked ubiquitin for these experiments because of the slight preference for this linkage exhibited by the ApSOL zinc fingers, and used tetraubiquitin rather than a mixture of polyubiquitin chains to simplify visual estimation of binding affinity. The results showed ubiquitin binding by all zinc finger deletion constructs regardless of the particular zinc fingers they contained and a general decrease in binding related to the number of zinc fingers (Fig. 2b and c, quantified in Fig. 2d ). Although zinc finger 4 has the best consensus sequence for ubiquitin binding (Fig. 1b) , its presence was not associated with an exceptionally strong affinity for K63-tetraubiquitin.
Thus, K63-tetraubiquitin binding of SOL calpain is not limited to the zinc fingers with the best consensus sites for ubiquitin binding but is a more general, likely cooperative property of the SOL zinc fingers.
Neither polyubiquitin nor calcium activates SOL calpain We next examined whether polyubiquitin was important in activation of the ApSOL calpain. The requirements for activation of SOL calpains have not been determined and despite the conservation of the catalytic triad, there have been no direct demonstrations of protease activity for any SOL calpain. Structures of classical calpains demonstrate that these calpains are inactive in the basal state because of misalignment of the catalytic triad, and direct binding of calcium to two sites in the catalytic domain causes a conformational change involving a salt-bridge that aligns the triad and enables calpain activity (Moldoveanu et al. 2002) .
However, while these calcium-binding sites and the saltbridge in the catalytic domain are conserved over evolution in classical calpains with penta EF-hands, they are poorly conserved in SOL calpains, suggesting SOL calpains may be regulated differently (Fig. 3a) . Many calpains undergo Nterminal autolysis during activation, and for the classical calpain ApCCal1 autolysis is a more sensitive assay than substrate cleavage . We therefore investigated the effect of polyubiquitin and calcium on both SOL autolysis, and cleavage of PKC Apl III into the PKM form implicated in maintenance of ApSOL-dependent nonassociative LTF. Incubation of purified recombinant ApSOL with K63-linked tetraubiquitin, calcium, or both did not activate autolysis (Fig 3b and c) or cleavage of PKC Apl III into PKM Apl III (Fig. 3d) . This amount of calcium led to complete N-terminal autolysis of the classical calpain from Aplysia (Fig. 3c) as previously shown . Thus, it does not appear that either calcium-binding, or binding of the N-terminal zinc finger domain to tetraubiquitin is sufficient to activate the ApSOL calpain. Dominant negative SOL calpain inhibits cleavage of overexpressed PKC Apl III A dominant negative ApSOL construct with the catalytic cysteine converted to a serine (dominant negative, DNApSOL) was shown to disrupt induction of non-associative LTF when expressed in the pre-or post-synaptic neuron (Farah et al. 2017; Hu et al. 2017a) . The maintenance of this form of plasticity was disrupted by dominant negative PKMs expressed in either the pre-or post-synaptic neuron (Farah et al. 2017; Hu et al. 2017a) . Together with the known role of calpains in PKM formation in ITF (Farah et al. 2017) , this suggests that ApSOL cleaves PKCs to form the PKMs required to maintain non-associative LTF. We have previously used a F€ orster resonance energy transfer (FRET) assay to measure PKC cleavage in Aplysia neurons during ITF (Bougie et al. 2012; Farah et al. 2017) . However, ITF is not SOL-dependent, as PKC cleavage in these forms of plasticity was inhibited by DN-ApCCal1, but not by DN-ApSOL (Farah et al. 2017) . Thus, ApSOL-dependent PKC cleavage has yet to be observed.
Our FRET assay is not appropriate for measuring PKC cleavage over the long period of time required for SOLdependent non-associative LTF, because of drift in baseline FRET and the issue of continued new synthesis of the FRET construct. However, over-expression of catalytically active mRFP-PKC Apl III in neurons induces its own calpaindependent cleavage to PKM , and the calpain isoform responsible for this cleavage has not yet been determined. This cleavage can be measured using immunocytochemistry with a PKC Apl III C-terminal antibody that recognizes both the PKC and the PKM (Fig. 4a) . Full-length PKC shuttles between the nucleus and cytoplasm, while the PKM form is restricted to the cytoplasm (Bougie et al. , 2012 . Thus, lower nuclear/cytoplasmic ratios of PKC Cterminal staining are indicative of cleavage (Bougie et al. , 2012 (Fig. 4b) . We found that DN-ApSOL, but not DN-ApCCal1, decreased cleavage of over-expressed mRFP-PKC Apl III, measured as an increase in the nuclear/ cytoplasmic ratio ( Fig. 4c ; quantified in Fig. 4d ). This suggests that over-expression-induced PKM formation is ApSOL dependent.
There was also a reduction in normalized N-terminal mRFP fluorescence in cells expressing either DN-ApSOL (41% lower than control) or DN-ApCCal1 (34% lower than control), which could affect the results as PKC Apl III cleavage has been shown to increase with over-expression levels ). However, when we sorted the data into bins with comparable normalized cytoplasmic mRFP fluorescence, the nuclear/cytoplasmic ratio of PKC Cterminal staining was still higher in the DN-ApSOL group than in controls in all of the DN-ApSOL-containing bins (data not shown). These data suggest that endogenous ApSOL calpain contributes to over-expression-induced PKM formation. We noted that the ratio of cytoplasmic C-terminal staining to N-terminal mRFP fluorescence was increased by both DNApCCal1 and DN-ApSOL ( Fig. 4c ; quantified in Fig. 4d) , suggesting that these constructs may increase the levels of PKM in the cytosol. Since both constructs affect expression of the PKC, as indicated by mRFP fluorescence, we sorted the data based on cytoplasmic mRFP as described above to eliminate possible confounding effects of this difference in expression level. For DN-ApSOL, the increase held up in only half of the DN-ApSOL-containing bins, with normalized cytoplasmic C-terminal/N-terminal fluorescence values averaging only 2% higher than within-bin controls. Thus, the increase in PKC C-terminal/N-terminal ratio in the cytoplasm with DN-ApSOL may be an indirect consequence of an effect on expression of the mRFP-PKC Apl III. ForDNApCCal1, however, the increase in cytoplasmic PKC Cterminal/N-terminal ratio was more robust, holding up in almost all of the DN-ApCCal1-containing bins, with values on average 28% higher than controls within the same bin. Thus, the effect on the PKC C-terminal/N-terminal ratio by DN-ApCCal1 likely involves a direct effect on PKM levels. Consistent with this idea, DN-ApCCal1 cells showed increased total PKC C-terminal staining (38% higher than controls, p < 0.05 Dunn's post hoc test following KruskalWallis test) despite the decrease in total N-terminal mRFP fluorescence in these cells (reported above). In contrast, DNApSOL-expressing cells showed a decrease in both PKC Cterminal staining (24% less than control p < 0.05 Dunn's post hoc test following Kruskal-Wallis test), and mRFP levels. This suggests that DN-ApCCal1 increases levels of PKM in the cell independently of its effect on PKC reporter expression, likely by blocking PKM degradation by endogenous ApCCal1 (Fig. 4e) .
We next investigated the mechanistic similarity between over-expression-induced PKM formation and the elevation in PKM levels that occurs physiologically during plasticity. KIBRA is a scaffold protein that stabilizes atypical PKMs during plasticity in rodents (Vogt-Eisele et al., 2014) and we have shown that KIBRA could stabilize an mRFP-PKM Apl III construct in Aplysia neurons and was required for associative LTF (Hu et al. 2017b) . We thus examined whether KIBRA also stabilizes the PKM generated by overexpression of PKC Apl III. Over-expressing wild-type KIBRA had no detectable effect. However, over-expression of a dominant negative KIBRA, KIBRA-AAA (where three critical residues required for stabilization were mutated (Hu et al. 2017b) ) decreased the ratio of PKC C-terminal staining to N-terminal mRFP fluorescence (Fig. 5) . KIBRA-AAA has earlier been shown not to stabilize mRFP-PKM, and to reverse associative LTF (Hu et al. 2017b; ) . Neither KIBRA, nor KIBRA-AAA, affected mRFP fluorescence [F (57,2) = 2.2, p > 0.1]. This suggests that endogenous KIBRA stabilizes the PKM produced during over-expression-induced cleavage and this could be interfered with by expression of the dominant negative KIBRA (Fig. 5) .
Over-expression of PKC Apl III causes an enrichment of ubiquitin staining in the nucleus Since ApSOL binds to polyubiquitin, we hypothesized that over-expression-dependent cleavage may affect levels of ubiquitin in conjunction with ApSOL activation. To determine if ubiquitination may play a role in the over-expressiondependent cleavage, we determined whether over-expression of PKC Apl III in isolated sensory neurons led to an increase in staining for ubiquitin. We noted a significant increase in ubiquitin staining present in the nucleus (Figs 6a and b) . Since PKC Apl III shuttles through the nucleus, it is possible that this ubiquitin attracts SOL calpain to the nucleus and leads to cleavage of nuclear PKC Apl III. However, using an antibody to ApSOL, we did not detect an increase in the nuclear distribution of ApSOL, which is normally predominantly cytoplasmic, after over-expression of PKC Apl III (Figs 6c and d) .
Discussion
The N-terminal domain of SOL is a polyubiquitin-binding module A distinguishing feature of the SOL calpain family is an Nterminal domain containing multiple zinc fingers. Comparing this region over evolution, there is very little similarity in this domain outside the presence of the zinc fingers. There are many kinds of zinc fingers, but the SOL zinc fingers show similarity to what has been called the NZF (Npl4 zinc finger) or RanBP2 zinc finger. Closer examination revealed similarity to the ubiquitin-binding class of NZF proteins that include Npl4, TAB 2, TAB 3, and HOIL-1L (Fig. 1) . Several of these proteins show linkage specificity (notably TAB 2 and TAB 3 for K63 linkages (Sato et al. 2009 ) and HOIL-1L for linear linkages (Sato et al. 2011) ). In both these cases, linkage specificity is because of additional strongly conserved regions that are not present in SOL calpains. While the SOL calpain did preferentially bind K63 linkages, this preference was not absolute. Moreover, K48, K63, and K12 linkages were all seen in proteomic analysis of SOL zinc finger-binding proteins pulled down from rat brain lysate.
The ApSOL N-terminal domain shows a strong specificity for binding to polyubiquitin chains longer than diubiquitin. This may be related to the presence of multiple zinc finger repeats in the SOL N-terminal domain. Most of the other known NZF-containing ubiquitin-binding proteins have only a single NZF, whereas SOL calpains generally have five. We found that, although not all of the SOL NZF motifs contain strong ubiquitin-binding consensus sites, polyubiquitin binding is not limited to those NZFs with the strongest consensus sites. Instead the multiple NZF domains probably contribute cooperatively to polyubiquitin binding, and may thus drive a preference for longer polyubiquitin chains (Fig. 2) .
Function of the SOL N-terminal zinc finger domain
One probable role of polyubiquitin-binding is to regulate SOL calpain localization and substrate targeting. We observed SOL NZF binding to K63 ubiquitin linkages and linear ubiquitin lineages that are known to have signaling roles (Martinez-Forero et al. 2009; Rieser et al. 2013) . Binding to these signals could localize SOL calpain to particular targets or cellular domains. We also observed SOL NZF binding to K48-linked polyubiquitin, which could be a mechanism of targeting SOL calpains to proteins destined for degradation.
Ubiquitin binding could also regulate SOL protease activity, although our data do not strongly support this hypothesis. Using PKC cleavage and autolysis to assay for activation, we did not observe activation of ApSOL by either polyubiquitin or calcium. These results suggest that ubiquitin is unlikely to be the primary activator of SOL calpains, however, they do not rule out a role for polyubiquitin in regulation of SOL calpain activity. In general, calpains are inactive because of a misalignment of the catalytic site in the inactive protein that requires a calcium-induced conformational change (Moldoveanu et al. 2002; Davis et al. 2007; Gakhar et al. 2016) . However, even in the family of mammalian classical calpains, which have only recently diversified , there are distinct conformations of the inactive calpain (Davis et al. 2007) , and thus it is difficult to predict what type of conformational change will be required for activation of the much more distantly related SOL calpain. Polyubiquitin binding may be one of multiple regulatory events that promote SOL calpain activation through conformational change.
A new possibility raised by these findings is that SOL calpain could be a novel deubiquitinating enzyme. No calpain has yet been identified as a deubiquitinating enzyme, but five of the six families of mammalian deubiquitinating enzymes are composed of similar papain-like cysteine proteases (Komander et al. 2009; Mevissen and Komander and confocal fluorescence images on Aplysia sensory neurons expressing pNEX-mRFP-PKC Apl III and either pNEX alone, pNEX-KIBRA or pNEX-KIBRA-AAA where three residues required for PKC Apl III binding have been converted to alanine (Hu et al. 2017b) . (b) Quantification of effect of KIBRA and KIBRA-AAA. A one-way ANOVA was calculated for the three groups [F(57,2) = 31.8, p < 0.01]. A post hoc Tukey's test showed that the KIBRA-AAA group was significantly different than both of the other groups (p < 0.01). These results are from three independent experiments with a total of n = 60 sensory neurons: pNEX (28), KIBRA (14), . Error bars are SEM. PKC, protein kinase C. 2017) and it is possible that SOL is also able to catalyze hydrolysis of ubiquitin linkages. Ubiquitin-binding sites outside the catalytic domain of deubiquitinating enzymes generally serve to promote a preference for a particular polyubiquitin linkage or for polyubiquitin chains of a particular length (Mevissen and Komander 2017) . This is consistent with the preference of the SOL NZF domain for polyubiquitin chains as opposed to monoubiquitin, and the slight preference for K63-linkage. Furthermore, SOL would not be the first instance of a deubiquitinating enzyme employing zinc fingers for substrate targeting. For example, the C-terminal zinc finger in Ubiquitin-Specific Protease 5 (USP5) promotes targeting to unbound ubiquitin chains, and the deubiquitinating enzyme A20 contains seven C-terminal zinc finger motifs, with different zinc fingers associated with different ubiquitin linkage (Lork et al. 2017; Mevissen and Komander 2017) . A role for SOL as a deubiquitinating enzyme would suggest that ApSOL's role in PKC cleavage is indirect, perhaps through the modulation of another enzyme's activity via modification of its ubiquitination state. This would explain our inability to detect PKC cleavage by ApSOL in vitro. Our inability to detect ApSOL N-terminal autolysis would also be unsurprising, as the zinc fingers of the N-terminus would make it an integral substraterecognition domain, and not an autoinhibitory one as in classical calpains. SOL's potential role as a deubiquitinating enzyme is an interesting possibility that merits further investigation.
An intriguing possibility for a link between ubiquitination, calpain activation, and plasticity-related PKM activity could occur during cellular reconsolidation (Dudai 2012) . Memories are maintained by PKMs (Sacktor 2011) . However, when memories are recalled they become labile and are erased unless a protein synthesis-dependent reconsolidation takes place (Nader 2015) . This lability requires activation of the proteasome and could be linked to degradation of PKMs (Kaang and Choi 2011) . If SOL calpain mediates PKC cleavage, either directly or indirectly, and SOL function is tied to polyubiquitination, then SOL could serve to link the polyubiquitination-induced degradation of PKMs and/or other proteins to the formation of new PKMs through cleavage in the reconsolidation process.
SOL calpain and over-expression-dependent cleavage Over-expression of PKC Apl III in Aplysia sensory or motor neurons induces its own cleavage and this requires PKC Apl III activity; over-expression of a kinase-dead or kinaseimpaired PKC Apl III does not induce its own cleavage (Bougie et al. 2012) . We show here that this overexpression-induced cleavage is partially blocked by a dominant negative SOL calpain, but not by a dominant negative classical calpain ApCCal1. This is the first evidence of SOL calpain-dependent cleavage of PKC to form PKM.
We observed an increase in nuclear ubiquitin staining when PKC Apl III was over-expressed, consistent with a possible relationship between SOL-mediated PKC cleavage and ubiquitin. However, we did not observe localization of SOL to the nucleus, where the ubiquitin levels were increased. While this decreases the possibility that this increase in ubiquitin played a role in ApSOL-mediated PKC cleavage, it does not rule out this possibility since binding could have been transient, or below our level of detection.
We have proposed over-expression-induced cleavage of PKC Apl III as a model for a positive feedback cycle that may be important for maintaining levels of PKM Apl III during memory maintenance (Bougie et al. 2012) . Supporting this idea, we found that over-expression-induced PKM formation is inhibited by the same DN-ApSOL construct that disrupts LTF. Furthermore, we report that a dominant negative form of KIBRA, the same scaffolding protein implicated in PKM stabilization during LTF (Hu et al. 2017a,b) , destabilizes the PKM produced by over-expression-dependent cleavage. Taken together, these observations suggest a more detailed model in which sufficiently high levels of PKC Apl III activity during memory formation induce SOL activity. Activated SOL, in turn, cleaves the PKC to form constitutively active PKM, which is stabilized by KIBRA, thus setting in motion a positive feedback cycle that maintains the long-term memory trace.
KIBRA, classical calpain, and PKM stability The stability of PKMs has been an area of some controversy as they have been assumed to be quite stable for their role in the maintenance of memory, but some studies have shown relatively short half-lives (Palida et al. 2015) . In rodents and in Aplysia, PKM is stabilized through binding to the scaffold protein KIBRA, suggesting a model where correctly localized PKMs are stable, but free PKMs are degraded (VogtEisele et al., 2014; Hu et al. 2017b ). This could be important for the specificity of PKMs' roles in stabilizing specific synapses. Stabilization at tagged synapses coupled to degradation at un-tagged synapses is postulated to be an important mechanism for establishing synapse specificity. Indeed, synapse-specific localization of a newly translated protein had been shown to be, at least in part, because of protection from degradation at non-activated synapses (Hayashi-Takagi et al. 2015) .
Similar to previous findings with over-expressed PKM Apl III (Hu et al. 2017b) , the PKM Apl III formed during over-expression of full-length PKC in our assays was destabilized by co-expression of a KIBRA construct that was mutated in a region required for PKM-binding (VogtEisel et al., 2013) . This suggests that endogenous KIBRA is involved in the stabilization of over-expressed PKM Apl III. In contrast to previous findings with over-expressed PKM Apl III, however, we found that over-expression of wild-type KIBRA was not sufficient to stabilize the PKM Apl III formed after over-expression of full-length PKC presumably as levels of KIBRA are already saturated in this paradigm. An attractive model to explain this discrepancy would be that over-expression of full-length PKC Apl III, but not PKM Apl III, induces KIBRA expression, leading to stabilization of PKM. Indeed, PKC Apl III is partially localized to the nucleus, but PKM Apl III is not, suggesting a possible role for PKC Apl III in activation of gene expression. This stabilization would be blocked by the dominant negative KIBRA, but overexpressing additional wild-type KIBRA would have little additional effect. Unfortunately, our antibody to KIBRA is not specific enough to measure endogenous KIBRA levels, so we could not test this hypothesis.
The PKM formed in our over-expression-dependent cleavage assay appeared to be stabilized by a dominant negative form of the classical calpain ApCCal1, suggesting that PKM Apl III may be degraded by endogenous ApCCal1. There are bioinformatically predicted calpain sites in the catalytic domain of PKM Apl III that would be consistent with a destabilizing role for calpains (Liu et al. 2011) . Thus, while KIBRA provides a possible mechanism for stabilization of correctly localized PKM, ApCCal1 may have the complementary role of destabilizing incorrectly localized PKM.
Conclusions
We have discovered that the N-terminal domain of SOL calpain is a polyubiquitin-binding module that may play a role in a SOL-dependent positive feedback mechanism driving cleavage of the atypical PKC to PKM in Aplysia neurons. Our results also suggest that the classical calpain ApCCal1 degrades the PKM produced in this positive feedback loop, while the scaffold protein KIBRA stabilizes it. Together with previous evidence of a role for SOL calpain in PKM-dependent synaptic plasticity in Aplysia (Hu et al. 2017a,b) , these findings provide important clues to the function of this highly conserved but enigmatic member of the calpain family.
